We analyzed the signal that directs the outer membrane protein with the C-terminal transmembrane segment (TMS) to mammalian mitochondria by using yeast Tom5 as a model and green fluorescent protein as a reporter. Deletions or mutations were systematically introduced into the TMS or the flanking regions and their intracellular localization in COS-7 cells was examined using confocal microscopy and cell fractionation. 1) Three basic amino acid residues within the Cterminal five-residue segment (C-segment) contained the information required for mitochondrialtargeting. Reduction of the net positive charge in this segment decreased mitochondrial specificity, and the mutants were distributed throughout the intracellular membranes. 2) Elongation of the TMS interfered with the function of the C-segment and the mutants were delivered to the intracellular membranes. 3) Separation of the TMS and C-segment by linker insertion severely impaired mitochondrial targeting function, leading to mislocalization to the cytoplasm. 4) Mutations or small deletions in the region of the TMS flanking the C-segment also impaired the mitochondrial targeting. Therefore, the moderate length of the TMS, the positive charges in the C-segment, and the distance between or context of the TMS and C-segment are critical for the targeting signal. The structural characteristics of the signal thus defined were also confirmed with mammalian C-tail-anchored protein OMP25.
INTRODUCTION
Most eucaryotic membrane proteins are inserted into translocation-competent membranes and then transported to organelles that do not contain a translocation apparatus. All integral membrane proteins of the mitochondrial outer membrane identified to date are encoded by nuclear DNA, synthesized by cytoplasmic ribosomes as mature size precursors, and posttranslationally integrated into the membrane (Shore et al., 1995; Mihara, 2000) . Unlike the matrixtargeted preproteins with cleavable presequences, the signals that target the outer membrane proteins are contained within the mature protein sequence. The import receptors of the preprotein translocase of the mitochondrial outer membrane (TOM complex; Pfanner and Geissler, 2001 ), Tom70 (Hurt et al., 1985; McBride et al., 1992) , and Tom20 (Schneider et al., 1991; Kanaji et al., 2000) are anchored to the membrane through the N-terminal transmembrane segment (TMS) in the Nin-Cout orientation ("N-anchored protein"). Tom22, which functions as the preprotein receptor and organizer of the TOM complex, is anchored to the outer membrane in the Nout-Cin orientation through a TMS in the middle portion of the molecule Kiebler et al., 1993; Rodriguez-Cousino et al., 1998; Egan et al., 1999) . Tom40 (Vestweber et al., 1989; Hill et al., 1998; Rapaport and Neupert, 1999; Ahting et al., 2001) and porin (Mihara and Sato, 1985; Stanley et al., 1995; Mannella et al., 1996) are ␤-barrel proteins spanning the outer membrane by 12-14 antiparallel ␤-strands and function as the transport channels of preproteins or small molecules, respectively. The N-terminal TMS, with moderate hydrophobicity and a net positive charge within five residues of the C-terminal flanking region, functions as the mitochondrial targeting signal of Tom20 (Kanaji et al., 2000) . During translation, the signal recognition particle (SRP; Walter and Johnson, 1994) recognizes the TMS of Tom20; basic amino acid residues in the C-terminal flanking region, however, interfere with the function of the SRP, thus preventing its SRP-dependent endoplasmic reticulum (ER) targeting (Kanaji et al., 2000) . There are similar structural features in rat and Neurospora crassa Tom70 and several other outer membrane proteins (Mihara, 2000) .
Another class of membrane proteins, the "C-anchored" proteins, are composed of three domains: an N-terminal hydrophilic functional domain exposed to the cytosol; a TMS; and the following short hydrophilic segment (C-segment), probably extruding to the intermembrane space. Cytochrome b 5 (Mitoma and Ito, 1992; Borgese et al., 2001) , microsomal aldehyde dehydrogenase (Masaki et al., 1994) , syntaxin 1 (Masaki et al., 1998) , and vesicle-associated membrane proteins VAMP-1A and VAMP-2 (Kim et al., 1999) are destined for the ER, whereas mitochondrial outer membrane cytochrome b 5 (OMb; Kuroda and Ito, 1998) , a splice isoform of VAMP-1A, VAMP-1B (Isenmann and Wattenberg, 1998) , and OMP25 (Nemoto and Camilli, 1999) are destined for the mitochondria. Figure 1 depicts several of these proteins. The length of the TMS is critical and hydrophobic segments that are 20 residues or longer function as the ER-targeting signal (Kim et al., 1999) . The importance of the N-or C-terminal flanking regions has also been demonstrated (Mitoma et al., 1992; Masaki et al., 1994; Kim et al., 1999; Borgese et al., 2001) . Isenmann and Wattenberg (1998) demonstrated that mitochondrial localization of the mitochondrial isoform VAMP-1B is determined by the C-terminal positive charge and the length of the TMS (17 residues). Kuroda and Ito (1998) demonstrated that basic amino acid residues at the C-terminal tail are critical for OMb; when either one of two basic amino acid residues in the C-terminal tail was replaced by alanine, the mutant OMb then became targeted to the ER. Despite these findings, the precise character of the mitochondrial targeting signals, as well as the component(s) that recognize the signal, remain to be analyzed. As a first step toward understanding the targeting and insertion mechanisms of the C-anchored proteins, we used yeast Tom5 as a model and characterized the mitochondrial targeting signal of mammalian cells in detail. Tom5 is tightly associated with the TOM core complex and represents the connecting link between the import receptors and Tom40 (Dietmeier et al., 1997) , although the mammalian homolog of Tom5 is not known. It is composed of the cytosolic N-terminal half of 27 residues carrying a net negative charge, the TMS at the following region consisting of 18 amino acid residues (residues 28 -45), and the C-terminal hydrophilic region of five amino acid residues, which contains three positive charges (referred to as the C-segment). We constructed a series of green fluorescent protein (GFP)-Tom5 fusion proteins carrying deletions, insertions, or point mutations within the TMS or its flanking regions and examined their intracellular localization in COS-7 cells by using confocal microscopy and defined the mitochondrial targeting signals. These defined structural features of the signal were confirmed with authentic mammalian C-tail anchor protein OMP25. We also characterized the targeting and membrane anchorage of the GFP-Tom5 fusions and GFP-OMP25 by using cell fractionation, alkaline carbonate extraction, and blue native (BN)-PAGE, and compared them with those expressed in yeast cells.
MATERIALS AND METHODS

Plasmid Construction
All of the constructs were inserted into a mammalian expression vector pRc/cytomegalovirus (CMV; ver. 1, Invitrogen, Carlsbad, CA). pRc/CMV was digested with HindIII and XbaI, treated with a Klenow fragment, and self-ligated using T4-DNA ligase as described previously (Kanaji et al., 2000) . cDNA coding for enhanced green fluorescent protein (EGFP) was isolated from pEGFP (Kanaji et al., 2000) by polymerase chain reaction (PCR) by using the following primers: 5Ј-AGCTCTAGACCACCATGGTGAGCAAGG-GCGAGGAG-3Ј (XbaI site and initiation codon of EGFP are underlined and the Kozac sequence is bolded) and 5Ј-ACTGGGGC-CCCCGCGG CTTGTACAGCTCGTCCATGCC-3Ј (ApaI site is underlined and SacII site is bolded). The obtained DNA fragment was digested with XbaI and ApaI and subcloned in the XbaI and ApaI sites of pRc/CMV to generate pRc/CMV-EGFP. To construct pRc/ CMV EGFP-Tom5, the cDNA of yeast Tom5 was amplified by PCR from the yeast genome by using the following primers: 5Ј-ATATATCCGCGGATGTTTGGTCTACCTC AACAG-3Ј (SacII site is underlined and the initiation codon of Tom5 is bolded) and 5Ј-ATAGGGCCCTTATTTCCATTGCTTTTTCAC-3Ј (ApaI is underlined and the stop codon is bolded). To construct pRc/CMV EGFPb5, the cDNA of rat cytochrome b5 coding 95-134 residues were amplified by PCR from rat liver cDNA by using the following primers: 5Ј-CAAGCCGCGGCCTTCGGAAACCCT TATCACT-3Ј (SacII site is underlined) and 5Ј-ATAGGGCCCTTAATCTTCT GC-CATGTAGAG-3Ј (ApaI site is underlined and the stop codon is bolded). To construct pRc/CMV EGFP-OMP25, the cDNA of rat OMP25 coding 170 -206 residues was amplified by PCR from rat liver cDNA by using the following primers: 5Ј-AAGCCGCG- Figure 1 . Amino acid sequences of the C-terminal portion of several C-anchored proteins and their intracellular localization. The TMSs are bolded, and basic and acidic amino acid residues are shown in red and blue letters, respectively. Hydrophobicity, hydropathic index/residue. Mt, mitochondria; PM, plasma membranes.
GCATCGAGGCGACGGAGAGGCC-3Ј (SacII site is underlined) and 5Ј-ATAGGGCCCTCAGAGCTGCTTTCGGTATC-3Ј (ApaI site is underlined and the stop codon of OMP25 is bolded). The PCR products thus prepared were cut with SacII and ApaI, and ligated into the pRc/CMV-EGFP vector. To construct pMID2-EGFP-Tom5 and pMID2-EGFP-OMP25, the PCR fragments described above were ligated to the 3Ј terminus of EGFP cDNA and the fusion constructs were inserted into the yeast expression vector pMID2.
Most mutant constructs were generated using two-step PCR. The first PCR step was performed using the appropriate oligonucleotides carrying mutated codons and the SP6 promoter as primers and pRc/CMV EGFP-Tom5 or pRc/CMV EGFP-OMP25 as the template. The second PCR step was performed using the first PCR product and the T7 promoter sequence as the primers and pRc/CMV EGFPTom5 or pRc/CMV EGFP-OMP25 as the template. The second PCR product was digested with XbaI and ApaI and subcloned into the XbaI and ApaI sites of pRc/CMV.
Cell Culture and Transfection
COS-7 cells were maintained in DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal calf serum (Biosciences, Lenexa, KS) in an atmosphere of 5% CO 2 at 37°C. DNA transfection was performed according to the manufacturer's instructions using Fu-GENE 6 transfection reagent (Roche Applied Science, Indianapolis, IN) or LipofectAMINE reagent (Invitrogen). Plasmid DNA (1 g) was transfected to COS-7 cells on a coverslip in a 3.5-cm dish (Falcon Plastics, Oxnard, CA) and the cells were incubated for ϳ18 h.
Fluorescence Microscopy
When mitochondria were to be stained, 100 nM MitoTracker (Molecular Probes, Eugene, OR) was added to the medium and incubated for 20 min before fixation. The cells on the coverslips were fixed with acetone/methanol (1:1) at room temperature for 5 min. To stain the ER, the fixed cells on coverslips were incubated with 1% bovine serum albumin in phosphate-buffered saline then incubated with rabbit anti-calnexin antibodies (Stress Gen, Victoria, Canada) and Texas-Red-conjugated goat anti-rabbit IgG (BioSource International, Camarillo, CA) in phosphate-buffered saline containing 1% bovine serum albumin for 1 h. Fluorescent images were taken and analyzed using a confocal laser microscope (Radiance 2000; BioRad, Hercules, CA).
Subcellular Fractionation
Fractionation of COS-7 cells was performed according to the methods described by Kuroda et al. (1998) . Briefly, cells in a 10-cm dish were washed with phosphate-buffered saline. Collected cells were precipitated by centrifugation at 600 ϫ g for 5 min and washed with HES (10 mM HEPES-KOH buffer pH 7.5 containing 1 mM EDTA and 10% sucrose). The cells were suspended into 1 ml of HES containing 20 g/ml ␣2-macroglobulin and homogenized in a tightfitted Potter-type homogenizer for 10 strokes. The homogenate was centrifuged at 600 ϫ g for 5 min and the supernatant was centrifuged at 6000 ϫ g for 10 min to obtain mitochondria (P1). The supernatant fraction was then centrifuged at 100,000 ϫ g for 30 min to separate the microsomal (P2) and supernatant (S) fractions. Subcellular fractionation of yeast cells was performed as follows. Yeast cells (SEY6210) were transformed with the pMID2-based vectors by using lithium acetate method and grown in SD-medium containing tryptophan at 27°C to 1.0 OD600. They were then treated with Zymolyase (Seikagaku America, Rockville, MD) to obtain spheroplasts and fractionated according to the method of Daum et al. (1982) . The subcellular fractions were subjected to SDS-PAGE and immunoblotting. The immunoblots were visualized by ECL (Amersham Biosciences, Piscataway, NJ) and the images were analyzed by LAS-1000 (Fuji Film, Tokyo, Japan).
Blue Native-PAGE
Blue native-PAGE was performed essentially as described previously (Schägger and von Jagow, 1991) . Mitochondria were isolated from COS-7 cells expressing the GFP-Tom5 or the OMP-25-GFP fusion constructs by the method described above. The mitochondria were solubilized in 50 l of 10 mM HEPES-KOH buffer pH 7.4 containing 2% digitonin, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and 10% glycerol, and insoluble material was removed by centrifugation for 15 min at 100,000 ϫ g. The supernatant was mixed with 5 l of sample buffer (5% Coomassie brilliant blue G-250, 100 mM bis-Tris pH 7.0, 500 mM 6-aminocaproic acid), and electrophoresed through 5-16% polyacrylamide gradient gels. The gel slots were excised and subjected to immunoblotting by using antibodies against EGFP (Miyazaki et al., 2001) or rTom40 (Suzuki et al., 2000) .
RESULTS
C-Terminal Segment Is Required for Mitochondrial Targeting of Tom5 in Mammalian Cells
To define the mitochondrial targeting signal of the C-tailanchored proteins, we chose yeast Tom5 as a model and constructed the GFP-Tom5 fusions carrying systematic deletions or mutations in the TMS or flanking regions. GFPcytochrome b 5 was also constructed as a control for a typical C-anchored ER membrane protein. These constructs were expressed in COS-7 cells under the control of the CMV promoter and intracellular localization was examined using a confocal microscope with MitoTracker staining or immunostaining with anti-calnexin IgG (ER marker) as the reference.
First, to probe the region responsible for mitochondrial targeting, the GFP-Tom5 fusions in which either the TMS or the C-segment of Tom5 had been deleted (⌬TM and ⌬C, respectively; Figure 2A ) were expressed in COS-7 cells. Wild-type GFP-Tom5 colocalized with MitoTracker as filamentous structures, whereas ⌬TM localized diffusely in the cytosol. ⌬C exhibited localization similar to ⌬TM in the cytosol ( Figure 2B ). ⌬TM (40 -45) in which a segment of six residues in the TMS was deleted also localized to the cytosol (our unpublished data). Thus, the C-segment and a TMS are required for the mitochondrial targeting of Tom5. The mitochondria of the ⌬TM-or ⌬C-transfected cells exhibited well-dispersed filamentous structures, suggesting that there was little, if any, effect of overexpression of the constructs upon mitochondrial morphology and distribution.
When GFP-cytochrome b 5 fusion in which the C-terminal 40 residue-segment, including the TMS, was fused to the C-terminal of GFP (Figure 2A , cyt b5) was expressed in COS-7 cells, it colocalized with the ER marker calnexin ( Figure 2B ). Because the C-terminal 10-residue segment of cytochrome b 5 functions as the ER-targeting signal (Mitoma and Ito, 1992), we examined intracellular localization of fusion protein b5Tom5C in which the C-segment of cytochrome b 5 was replaced by that of Tom5 (Figure 2A ). When expressed in COS-7 cells, it exhibited a typical mitochondrial fluorescent pattern ( Figure 5B ), indicating that the TMS of cytochrome b 5 (18 residues) functioned correctly as the mitochondrial membrane anchor. On the other hand, Tom5b5C, in which the C-segment of Tom5 was replaced by the C-terminal eight residues of cytochrome b 5 , localized to the ER ( Figure 2B ). The GFP-Tom5 constructs carrying the C-segment, but lacking the TMS (⌬TM), localized in the cytosol (see above). Therefore, the TMS and the C-segment were both required for mitochondrial targeting. Furthermore, the C-segment of Tom5 functioned as a mitochondrial targeting signal when placed downstream of an appropriate TMS. When the C-terminal segment 23-50 of Tom5 (Figure 1 ) was fused to the N-terminal of GFP (Tom5TM-GFP; Figure 2A ), the segment did not function as a mitochondrial targeting signal, but instead functioned as an ER-targeting signal and directed the construct to the ER (Figure 2 ). This indicates that hydrophobicity of the TMS was high enough to be recognized by SRP (Ng et al., 1996) when it was placed at the N terminus of a reporter protein; this segment functioned as the mitochondrial targeting signal only when it was placed at the C terminus of the reporter protein. These results also indicated that the structural requirement of the mitochondrial targeting signals for the N-anchored proteins and C-anchored proteins is clearly distinct.
Positive Charges in C-Segment Determine Mitochondria Localization of GFP-Tom5 Fusions
Tom5 has three positively charged residues, Lys-46, -47, and -50, in the C-segment. To assess the importance of these basic residues, they were replaced by serine residues by using site-directed mutagenesis (Figure 3 ). 1K-S exhibited a mitochondrial pattern with a slight background of the reticular ER pattern. On reduction of the positive charges in the C-segment, the efficiency of mitochondrial localization decreased and, conversely, the extent of ER-targeting increased. These three positive charges functioned normally irrespective of their position in the C-segment (our unpublished data). The construct in which the three lysine residues were all replaced by arginine (3K-R) localized exclusively to mitochondria, indicating that it is the positive charges that determine mitochondrial localization. When Gln-48 and Trp-49 were deleted, the construct (C3K) localized to the mitochondria with a trace amount mislocalized to the cytoplasm (Figure 3) , indicating that the TMS and the following three basic amino acid residues functioned as the minimal mitochondrial targeting signal. In this relation, when Trp-49, but not Gln-48, was deleted or replaced by the other amino acid residues, the mitochondrial targeting efficiency was slightly decreased for unknown reasons (our unpublished data).
Length or Hydrophobicity of TMS Is Critical for Mitochondrial Targeting
Mitochondrial targeting of N-anchored membrane proteins requires that the TMS has a moderate length or hydrophobicity (Kanaji et al., 2000) . A shortened TMS with VAMP-1 is critical for the mitochondrial targeting of a spliced variant, VAMP-1B (Isenmann et al., 1998;  Figure 1) . To examine this, we created GFP-Tom5 constructs whose TMS was elongated by valine residues ( Figure 4A ). TM2V, in which the TMS was elongated by two residues with valine (TMS, 20 residues), colocalized with MitoTracker ( Figure 4B ). When the TMS was elongated by three valine residues (TMS, 21 residues) or more, the mitochondrial targeting efficiency gradually decreased and, conversely, the ER-targeting efficiency increased. Thus, elongation of the TMS impaired mitochondrial specificity. The mitochondrial targeting was not completely abolished, however, even after seven valine residues were introduced (TM7V). We then examined the effect of TMS length on subcellular localization of the C-segment- deleted constructs. ⌬C (Figure 2 ) and TM1V⌬C (our unpublished data) localized to the cytosol; however, upon elongation of the TMS by valine insertion, the constructs localized to both the ER and mitochondria, suggesting that the TMS with increased length functioned as a nonspecific membrane-anchor sequence. To examine which feature of the TMS, length or hydrophobicity, is the major determinant, we constructed TM(H) in which five residues in the TMS were replaced by valine and leucine residues without changing the length ( Figure 4A ). It was precisely transported to the mitochondria ( Figure 4B ). These results indicate that basic amino acid residues in the C-segment, in cooperation with the TMS of an appropriate length (18 -20 residues), function as the specific mitochondrial targeting signal. The TMS, when elongated, functioned dominantly over the mitochondrial targeting activity of the C-segment and the constructs were distributed nonspecifically throughout the intracellular membranes, including the mitochondria and ER. Localization of the TMS-elongated constructs to organelle membranes other than the ER and mitochondria, however, remains to be confirmed.
Separation of TMS and Basic C-Segment by a Hydrophilic Linker Peptide Interferes with Mitochondrial Targeting Function
During studies with the elongated TMS constructs, we found that insertion of amino acid residues between the TMS and basic C-segment significantly affected mitochondrial targeting efficiency. As shown in Figure 5B , when five serine residues were inserted between Val-45 and Lys-46, the construct TM-5S-C lost the mitochondrial targeting ability and localized to the cytosol. In contrast, when the same sequence was fused to the C-terminal of GFP-Tom5, the construct TM-C-5S localized correctly to the mitochondria, indicating that the TMS and basic amino acid residues in the C-segment must be in a suitable context or distance for correct mitochondrial-targeting.
Single Deletions in Latter Half of TMS Strongly Influence Mitochondrial Targeting Function
To further examine the importance of the TMS of Tom5, we constructed a series of deletion mutants in the TMS. When one hydrophobic amino acid residue in the C-terminal side of Pro-39 was deleted (⌬45V, ⌬44L, ⌬42W, ⌬41I, and ⌬40 M; Figure 6A ), the mutated constructs lost their mitochondrial targeting activity and diffused throughout the cytosol (Figure 6B) . In contrast, when one or two amino acid residues at the N-terminal side of Pro-39 (⌬39P, ⌬37V, and ⌬31,37V) or hydrophilic amino acid at the C-terminal side (⌬43H) were deleted, the mutation only moderately affected the targeting function; the constructs partly mislocalized to the cytosol. Similar results were obtained with the L44-S mutant. These results suggest that the TMS could be functionally divided into two segments at Pro-39; hydrophobic residues in the C-terminal side of Pro-39 (40 M-45V) strongly contributed to the mitochondrial targeting efficiency, whereas those in the former half of the TMS affected function only moderately.
Intracellular Localization of GFP-Tom5 Fusions in COS-7 Cells as Assessed by Cell Fractionation
We performed cell fractionation for wild-type GFP-Tom5 (W) by using calnexin as the ER marker and TOM40 as the mitochondrial marker proteins. GFP-Tom5 was enriched in the mitochondria (P1); however, in contrast to the results obtained with confocal microscopy, a significant fraction localized in microsomal (P2) and cytosolic (S) fractions (Figure 7A) . We then examined membrane anchorage of the construct by alkaline carbonate extraction; ϳ70% of GFPTom5 was extractable with the treatment ( Figure 7B) . As a control, we examined subcellular localization of GFP-Tom5 expressed in yeast cells; it was correctly targeted to mitochondria and anchored efficiently to the membrane in an alkaline carbonate-resistant manner ( Figure 7C ). We therefore speculated that a fraction of GFP-Tom5 that had been targeted to COS-7 mitochondria was redistributed to microsomal membranes or cytosol during cell fractionation, probably because mammalian mitochondria required a TMS with higher hydrophobicity than yeast for membrane anchorage. To address this point, COS-7 cells expressing TM(H) (mean hydrophobicity 2.63; Figure 4A ) were subjected to subcellular fractionation. As expected, the mutant exhibited increased recovery to the mitochondrial fraction ( Figure 7A ) and increased efficiency of membrane insertion ( Figure 7B ). We concluded that mammalian mitochondria required a TMS with higher hydrophobicity than for yeast mitochondria for the membrane anchorage of the C-tail anchor proteins.
Although TM(H) precisely localized to mitochondria and no ER localization signal was detectable under confocal microscopy ( Figure 4B ), a significant amount was still detected in the microsomal fraction (P2) after the cell fractionation ( Figure 7A ). We have not yet reconciled this discrepancy. It should be noted that GFP-Tom5 fusions and the GFP-OMP25 construct (see below) inserted into COS-7 mitochondria were sensitive to externally added proteinase K, indicating that they were anchored to the mitochondrial outer membrane, extruding the bulk portion into the cytosol (our unpublished data). 
Structural Features of Signal Defined with Yeast Tom5 Are Conserved in Mammalian Mitochondrial C-Tail Anchor Proteins
We then examined whether the structural characteristics of the signal deduced with yeast Tom5 are also conserved in authentic mammalian C-tail anchor proteins. For this purpose, we chose OMP25. It is a C-tail anchor protein localizing in rat liver mitochondrial outer membrane and, as such, recovered to the particulate fraction after alkaline carbonate extraction (Nemoto and Camilli, 1999) . We constructed GFP-OMP25, in which the C-terminal 37-residue segment, including the TMS, was fused to the C-terminal of GFP. On expression in COS-7 cells, it localized to mitochondria as observed under confocal microscopy ( Figure 8B ), confirming the previous report (Nemoto and Camilli, 1999) . Cell fractionation revealed that it localized mostly in the mitochondrial fraction ( Figure 7A ). Removal of three positive charges in the C-segment, insertion of a linker peptide of five serine residues between the TMS and the C-segment, or deletion of a four-residue segment in the latter half, but not a sevenresidue segment in the former half, of the TMS all induced mistargeting of the GFP-OMP25 constructs (Figure 8 ). Similar structural features were noted for VAMP-1B (Isenmann and Wattenberg, 1998) . We thus concluded that the structural characteristics of the mammalian mitochondrial targeting signal deduced with yeast Tom5 were conserved in the mammalian outer membrane proteins.
GFP-Tom5 Constructs Imported into Mammalian Mitochondria Are Not Assembled into TOM Complex but Are Dispersed in Membranes
We then addressed the dispersal state in the membrane of the mitochondria-imported C-tail anchor proteins by using BN-PAGE that allows separation of the protein complex under native conditions. The mitochondria isolated from the GFP-Tom5 expressing yeast or COS-7 cells were subjected to BN-PAGE after solubilization with 2% digitonin. As shown in Figure 9 , wild-type GFP-Tom5 (W) targeted to yeast mitochondria migrated as the TOM complex of ϳ400 kDa (Model et al., 2001) , indicating that GFP fused to the N terminus did not interfere with the assembly of the fusion construct into the TOM complex. Wild-type GFP-Tom5 or the TM(H) construct as well as GFP-OMP25 targeted to COS-7 mitochondria was not integrated into the TOM complex, but dispersed in the membrane, probably as dimeric forms (Figure 9 ). Therefore, in mammalian cells, GFP-Tom5 fusions were considered to behave as general C-tail anchor proteins that are not restricted to the TOM machinery.
DISCUSSION
Mitochondrial targeting of C-anchored outer membrane proteins has not yet been thoroughly investigated. As the first step toward clarifying their targeting mechanisms, we characterized the mitochondrial targeting signal by using the GFP-Tom5 fusions as a model. Because fluorescent GFP fusions expressed in vivo possess a "tight fold" and the Tom5 peptide attached to the C-terminal of GFP can be as short as 50 residues, the C-terminal of Tom5 should always be exposed to the surface of the fluorescent active molecule. Thus, the fluorescence represents correctly folded proteins and, therefore, the present assay discounts nonspecific association of the unfolded proteins to various organelles. Our results demonstrated that the TMS with 18 -20 hydrophobic residues and positive charges in the following C-segment are both important determinants for mitochondrial targeting. The importance of the C-segment as the mitochondrial targeting signal was most clearly shown by the experiment in Figure 2 ; the C-segment of Tom5 transplanted to the C-terminal of cytochrome b 5 , directed otherwise ER-targeted protein to the mitochondria, or vice versa. On reduction of the number of positive charges in the C-segment, the mutants gradually lost membrane specificity and were distributed not only to mitochondria but to the ER, indicating that at least three basic amino acids at the C-segment are required for the specific targeting of Tom5 to the mitochondria.
The membrane specificity was also lost when the TMS was elongated, even although the C-segment remained intact (Figure 4) . In view of the report that hydrophobic forces drive spontaneous membrane insertion (Enoch et al., 1979; Rachubinski et al., 1980; Anderson et al., 1983) , we expect that the elongated TMS functions as a dominant, nonspecific membrane insertion signal (Blobel, 1980) by its enhanced affinity with the lipid bilayer, and mutated proteins were distributed throughout the membranes, including mitochondria and ER, although whether these constructs also local- . COS-7 cells were fractionated into the mitochondria (P1), microsomes (P2), and cytosolic (S) fractions. They were subjected to SDS-PAGE and subsequent immunoblotting by using antibodies against GFP, Tom40 (mitochondrial marker), or calnexin (ER marker). (B) Membrane anchorage of the expressed fusion constructs as examined by alkaline carbonate extraction. Total membrane fractions were prepared from COS-7 cells expressing GFPTom5, TM(H), or GFP-OMP25 and divided into two aliquots. One aliquot (T) was untreated, whereas the other was treated with 100 mM sodium carbonate pH 11.5 and ultracentrifuged to separate the membrane (P) and supernatant (S) fractions. All fractions were subjected to SDS-PAGE followed by immunoblot analysis by using antibodies against GFP and rTOM40 (mitochondrial membrane marker). (C) Subcellular localization of wild-type GFP-Tom5 expressed in yeast and the membrane anchorage as examined by alkaline carbonate extraction. Yeast cells expressing GFP-Tom5 were fractionated into the mitochondria (P1), microsome (P2), and cytosol (S) fractions, which were subjected to SDS-PAGE and subsequent immunoblot analysis by using antibodies against GFP, yeast Tom20 (mitochondria marker), or Kar2p (microsome marker). Other conditions are described in MATERIALS AND METHODS. ized to the other membrane systems remains to be determined.
Taken together, three basic amino acid residues positioned at the C terminus of the TMS with an appropriate length functioned as the mitochondrial targeting signal. This structural feature is also conserved in mitochondrial VAMP-1B (Figure 1 ). When both arginine residues or all three residues were changed to threonine, the mutants were transported to the membranes of the secretory organelles via the ER (Isenmann and Wattenberg, 1998) . The present study demonstrated that length, rather than hydrophobicity, is the major determinant for TMS function [ Figure 4 , TM(H)]. In support of this, VAMP-1B has a TMS of 17 residues with a mean hydrophobicity of 3.20; nevertheless, it localized in the mitochondria. Therefore, it seems to be the length, rather than the hydrophobicity, that determines targeting to the mitochondrial outer membrane; the length might be required to adapt to the thickness of the lipid bilayer of the mitochondrial outer membrane.
Insertion of five serine residues between the TMS and C-segment severely interfered with mitochondrial targeting of Tom5, whereas their addition to the C-terminal end was ineffective. Thus, the distance between the hydrophobic TMS and the basic C-segment is a critical factor for mitochondrial targeting. This observation is consistent with the previous observation that the arginine locating just after the TMS in OMb is more critical for the mitochondrial targeting than another arginine located in the distal C-terminal side (Kuroda and Ito, 1998 ; Figure 1 ).
There was a difference between the former and the latter half of the TMS in the sensitivity to the introduced mutation. A single amino acid deletion within the latter half of the TMS (40 M-45V) interfered with the mitochondrial targeting function more strongly than did a single amino acid deletion within the former half of the TMS (Figure 6 ). These results again indicated that the TMS and the basic C-segment should be within a suitable distance or context. Taken together, some factors in the cytosol might recognize these structural features and direct them to the mitochondrial outer membrane.
The C-terminal domain of Tom5, consisting of the TMS and C-segment, when transplanted to the N-terminal of GFP, functioned as an ER-targeting signal, probably as the signal anchor . Therefore, these segments must be located at the C terminus to be recognized correctly as the mitochondrial targeting signal; the structural requirements of the mitochondrial targeting signals for N-anchored and C-anchored proteins are clearly distinct. Considering that the large ribosomal subunit houses the extended peptide of 39 residues (Blobel and Sabatini, 1970) , the mitochondrial targeting signal of Tom5 thus characterized is almost completely protected within the large ribosomal subunit. Thus, the targeting reaction should proceed during posttranslational processing, which probably evades recognition by SRP, because recognition by SRP of the signal peptide occurs on the ribosome-nascent chain complex cotranslationally (Walter and Johnson, 1994) .
The structural characteristics of the signal thus defined using yeast Tom5 were well conserved in mammalian C-tail anchor proteins Vamp1B (Isenmann and Wattenberg, 1998 ; discussed above) and OMP25. The membrane anchored GFP-Tom5 constructs and GFP-OMP25 were present in the dispersed state in the outer membranes and not integrated into the TOM complex. Therefore, GFP-Tom5 can be regarded as the model representing general C-tail anchor proteins that are not restricted to the TOM import machinery, but dispersed eventually into the lipid bilayers. These proteins seemed to be targeted through an identical pathway because they were imported into mitochondria that had been treated with trypsin to remove the outer membrane import receptors rTOM70, rTOM20, rTOM22, and OM37 (our unpublished data), although the involvement of the channel component rTOM40 remains to be analyzed.
The heterologous assay system with yeast Tom5 enabled us to distinguish between targeting and membrane integration steps in mammalian mitochondria. Wild-type GFPTom5 expressed in COS-7 cells was correctly targeted to mitochondria as observed under confocal microscopy, but was inefficiently integrated into the mitochondrial membrane, whereas the same construct expressed in yeast cells was efficiently integrated into the mitochondrial membrane. On increase of the hydrophobicity of the TMS, the fusion construct TM(H) was now firmly anchored to the mitochondrial membrane. These results suggest that the characteristics of the targeting signal of the C-tail anchor proteins are distinct between yeast and mammals. In fact, basic amino acid residues in the C-segment of GFP-Tom5 were not required for correct mitochondrial targeting and insertion of GFP-Tom5 in yeast (Horie, Sakaguchi, and Mihara, unpublished data) . Characterization of the mitochondrial targeting signal of the C-tail anchor proteins in yeast is in progress.
How are these features of the signal recognized in the cytoplasm during posttranslational targeting? The nascent polypeptide associated complex (NAC), which has been characterized as the heterodimeric, ribosome-associated chaperone that prevents promiscuous interaction between SRP and the nascent polypeptides destined for cellular com- Figure 9 . GFP-Tom5, TM(H), or GFP-OMP25 imported into mammalian mitochondria are dispersed in the membranes as dimeric forms. Mitochondria were prepared from COS-7 or yeast cells expressing wild-type GFP-Tom5 (W), TM(H), or GFP-OMP25 (OMP), and solubilized with 2% digitonin. The solubilized supernatants were subjected to BN-PAGE and subsequent immunoblot analysis by using antibodies against EGFP or rTOM40. Other conditions are described in MATERIALS AND METHODS. Marker proteins used were serum albumin, 67 kDa; lactate dehydrogenase, 140 kDa; catalase, 232 kDa; apoferritin, 440 kDa; and thyroglobulin, 669 kDa. partments other than the secretory pathway (Wiedmann et al., 1994) , is involved in targeting of preproteins to the mitochondria in yeast (George et al., 1998; Fü nfschilling and Rospert, 1999) . Yeast ⌬egd2 mutants, lacking the NAC function, accumulate GFP-Tom22 and GFP-Bcl2 in the cytosol (Egan et al., 1999) . The NAC seems to function as a general chaperone to maintain the organelle-targeting competence of the precursor in vivo. The present findings that the TMS and the basic C-segment must be within an appropriate context or distance for mitochondrial targeting function suggest that some factors in addition to the NAC that specifically recognize these features and stabilize the hydrophobic nascent protein in the cytosol, participate in the targeting.
